patients with advanced disease (based on the presence or absence of clinical risk factors according to the IGCCCG (International Germ Cell Cancer Collaborative Group score) can be cured successfully, and GCT have become a unique model of a curable malignancy [2] [3] [4] . Nonetheless, about 30% of patients with metastatic disease at initial presentation, corresponding to about 5-10% of all GCT patients, relapse despite proper guideline-endorsed first-line multimodal treatment, with the need for further therapy. First salvage treatment generally consists of either conventional-dose or high-dose chemotherapy (HD-CT) plus subsequent autologous stem cell support. With multimodal salvage treatment including HD-CT, about 50% of salvage patients still have a chance to achieve complete remission and disease-free long-term survival, compared to only about 25% of patients treated with conventional-dose chemotherapy [5, 6] . HD-CT represents dose-intensified cytostatic treatment with accompanying enhanced toxicity, mainly of hematological origin, which is counteracted by autologous stem cell support that significantly reduces the time to hematopoietic recovery [7] . However, to date, the use of HD-CT as first salvage is still a matter of controversy because of partly unequivocal study results [8] .
Introduction
Germ cell tumors (GCT) are the most common solid malignancy in men aged 45 years [1] . Since the successful implementation of cisplatin-based combination chemotherapy, 50-90% of
Results
In general, the interpretability of trial results and the level of evidence with regard to salvage HD-CT as treatment for relapsed and/or refractory GCT are limited, since patient numbers were commonly small, study populations were often highly heterogeneous with respect to GCT subtypes and/or previous treatments, and high-evidence data from randomized trials are still lacking.
Prognostic Factors for First Salvage Chemotherapy -the IPFSG Score
Primary treatment decisions for advanced GCT are mainly based on the IGCCCG risk stratification model [2] . Similar clinical predictive factors could also be identified for GCT patients failing routine first-line treatment. Based on a large international retrospective database analysis of approximately 1,600 patients by the International Prognostic Factors Study Group (IPFSG), 5 different risk groups (very low, low, intermediate, high, very high) stratified by 7 different clinical characteristics could be identified with a predicted long-term progression-free survival (PFS) ranging from less than 10% to approximately 75% [9] . The independent prognostic variables identified were: primary histology, primary tumor location, response to first-line treatment, progression-free interval following first-line treatment, serum tumor marker elevation (alphafetoprotein and/or human chorionic gonadotropin), and non-pulmonary visceral metastases at relapse. The IPFSG score risk assessment may not only help to predict individual prognosis but also aid treatment decision making at first relapse.
First Salvage Conventional-Dose Chemotherapy
Long-term remissions following conventional salvage chemotherapy have been reported in about 15-60% of patients. Ifosfamide and cisplatin comprise the backbone of the most effective conventional salvage regimens, combined with etoposide (VIP) [10] , vinblastine (VeIP) [6] , or paclitaxel (TIP) [11, 12] , with none of these regimens being clearly superior and direct randomized comparisons lacking. All combinations are generally applied for 4 cycles repeated every 21 days. Table 1 provides an overview of common first salvage conventional regimens.
First Salvage HD-CT
The beneficial effect of HD-CT as first salvage strategy is still a matter of debate. A retrospective matched pair analysis published in 2002 demonstrated a 10% advantage with respect to both eventfree survival (EFS) and overall survival (OS) in favor of early highdose salvage treatment [13] .
Subsequent studies confirmed the beneficial impact. A retrospective analysis of 135 patients treated at Indiana University displayed a 70% survival benefit in patients undergoing HD-CT across all risk categories [7] . A prospective trial of 81 relapsed patients with unfavorable prognostic markers reported a 5-year OS of 50% following HD-CT [14] . Furthermore, a subgroup analysis of the IPFSG study cohort revealed a significant improvement in PFS and OS for all 5 prognostic subgroups (except for OS in the lowrisk group, most likely due to the low patient number) by about 10-15% in favor of HD-CT compared to conventional salvage treatment, and an approximate 10% OS benefit for the entire study population [15] . Of all 1,594 patients failing cisplatin-based firstline treatment, 773 and 821 patients underwent conventional-and high-dose salvage treatment, respectively. Subgroups were well balanced with a slightly higher number of patients with a favorable response to first-line therapy in the conventional treatment group, and slightly more patients with non-pulmonary visceral metastases in the high-dose treatment group. Several additional retrospective series including one with patients having bone metastases and a retrospective analysis of the German Testicular Cancer Study Group reporting on 143 patients undergoing either conventionaldose (n = 48) or high-dose (n = 95) therapy as first salvage could also confirm the superiority of HD-CT over conventional-dose therapy [16, 17] . Recently, the group from Indiana University published long-term disease-free survival rates with HD-CT of 25, 33, and 40% of patients with either mediastinal primary, absolute platinum-refractory disease, or progressive brain metastases as poorrisk features [18] . Moreover, patients with unresectable late relapse after first-or further-line treatment showed very dismal outcomes with only 15% of patients achieving long-term PFS even after salvage HD-CT [19] .
In contrast to the aforementioned results from non-randomized studies, the randomized phase III trial 'IT-94' that prospectively compared conventional-dose chemotherapy to HD-CT failed to demonstrate a statistically significant difference between the 2 strategies. 280 relapsed GCT patients were randomized to receive either 4 cycles of VIP or VeIP or 3 such cycles followed by a single cycle of high-dose carboplatin, etoposide, and cyclophosphamide (HD-CEC). The 3-year EFS was better with HD-CEC (35 vs. 42%) without reaching statistical significance, whereas OS was comparable in both arms [20] . It has to be taken into account that i) patient numbers were rather small, ii) many of the patients were lacking poor prognostic features, and iii) the high-dose approach does not reflect the current standard of care. Moreover, about one third of patients assigned to the HD-CEC arm did not receive the planned treatment for various reasons. The question of conventional-dose chemotherapy versus HD-CT is currently being addressed in a prospective randomized trial comparing 4 cycles of TIP versus sequential HD-CT (TIGER trial, NCT02375204) in a transatlantic multicenter collaborative effort between Alliance in the United States and EORTC in Europe.
Defining the Optimal Salvage High-Dose Regimen
Since the late 1980s, HD-CT has become an established option for first or subsequent salvage treatment. Since then, carboplatin and etoposide (HD-CE) have comprised the backbone of this treatment due to their effectiveness against GCT and predominantly hematological toxicity with otherwise non-hematological side effects (i.e., nephro-, oto-, and neurotoxicity) comparable to conventional-dose chemotherapy with cisplatin. The combination of HD-CE plus autologous stem cell support as well as improved supportive care has helped to reduce treatment-related mortality from about 10% to approximately 3% or less in the most recent series.
Further intensification of treatment to enhance cytotoxicity by adding a third agent, e.g., ifosfamide, cyclophosphamide, paclitaxel, gemcitabine, or thiotepa, did not improve outcomes meaningfully but resulted in a significant increase in adverse effects [21] [22] [23] [24] [25] .
A comparison of single HD-CT using 3 drugs versus sequential HD-CT using the standard carboplatin and etoposide has been carried out in a large prospective, randomized, multicenter phase III trial by the German Testicular Cancer Study Group. A total of 216 patients with relapsed and/or refractory GCT were randomized to receive either 1 cycle of conventional VIP followed by 3 cycles of HD-CE (arm A) versus 3 cycles of VIP followed by a single cycle of high-dose carboplatin 2,200 mg/m 2 , etoposide 1,800 mg/qm 2 , and cyclophosphamide 6,400 mg/m 2 (arm B). The study was stopped prematurely due to excess treatment-related mortality in the triplecombination HD-CEC arm. 1-year EFS, PFS, and OS rates did not differ significantly in both treatment arms with 40, 53, and 80% (arm A) versus 37, 49, and 61% (arm B). Treatment-related deaths due to sepsis or cardiac toxicity were reported in 4% (arm A) versus 14% (arm B) (p < 0.01) [26] . Long-term results of the same trial after 5-years were as follows: PFS 47 versus 45%; OS 49 versus 39% with a borderline significance for OS (p = 0.057), which was mainly due to the higher number of early treatment-related deaths in the HD-CEC arm [27] . As a consequence, 2 or 3 cycles of HD-CE followed by autologous stem cell transplantation is the worldwide most commonly applied high-dose salvage regimen to date and can be used equivalently, according to current knowledge.
A recently published prospective phase II trial reported on 43 patients with relapsed or refractory disease that received an unusual tandem HD-CT approach of gemcitabine, docetaxel, melphalan, and carboplatin (GemDMC, first cycle) and ifosfamide, carboplatin, and etoposide (ICE, second cycle) with or without the antivascular endothelial growth factor antibody bevacizumab. The objective response rate was high at 89% in an overall heterogeneous patient population (including 14% cisplatin-sensitive patients). As excess toxicity with a mortality rate of 9% was reported and patients receiving bevacizumab showed worse outcomes, bevacizumab-based HD-CT cannot be recommended [28] .
Established sequential HD-CT regimens are displayed in table 2.
Second or Subsequent HD-CT
High-level evidence supporting the use of HD-CT as second-or further-line treatment is lacking. A retrospective study reported a favorable response rate of 55% after HD-CT as second salvage treatment, and a remarkably long-term survival rate of 17% [29] . Moreover, a retrospective study by Einhorn et al. [7] found that only 45% of patients who received HD-CT with carboplatin and etoposide as third-line treatment stayed disease-free during followup as compared to 69% of patients who had HD-CE as first salvage treatment. Hence, HD-CT at second or further relapse seems to be inferior to early high-dose treatment. However, unless contraindicated, it is recommended even in patients who have failed to respond to multiple previous conventional treatments.
Unfortunately, randomized trials in this setting are lacking and will most likely never be conducted. Patients should be referred and critically evaluated at an expert center.
Role of Residual Tumor Resection Following Salvage HD-CT
Irrespective of the type and line of salvage systemic treatment, complete resection of all detectable residual masses is paramount for treatment success in terms of long-term survival. In retrospective series, the reported proportion of patients with viable cancer in resected masses who suffered a relapse and underwent salvage chemotherapy was as high as 70% [30] [31] [32] [33] [34] .
Discussion
Cisplatin-resistant or -refractory disease is still one of the major challenges in GCT care. The prognosis of patients failing more than 2 lines of systemic treatment for advanced disease is very poor, and life expectancy with palliative chemotherapy is still limited to only a few months in the majority of patients [35] . With the use of salvage HD-CT followed by reinfusion of autologous hematopoietic stem cells, survival outcomes have been improved irrespective of clinical risk factors, and first-salvage HD-CE is therefore a valuable curative treatment approach. In further lines of treatment, the curative potential of even HD-CT is much lower. However, aggressive treatment including HD-CT should be thoroughly evaluated to provide the best possible care.
The available evidence is currently still limited, mainly because many studies i) were of retrospective design, ii) included only limited heterogeneous patient populations often at single centers, (iii) included patients with inadequate first-line treatment, or (iv) included patients who underwent consolidation HD-CT.
To substantially further improve the outcomes of cisplatin-resistant GCT patients, it is therefore imperative to provide adequate multimodal first-line treatment to prevent the development of chemoresistant disease, and to early identify patients with absolute cisplatin-refractory disease in order to intensify treatment in a timely manner. To this end, the referral of patients with advanced disease (preferably at first diagnosis) to centers with profound GCT expertise and inclusion in clinical trials whenever possible are paramount.
Conclusion
For now, the decision for or against a high-dose salvage approach should be thoroughly evaluated in all patients with relapsed and refractory GCT. Referral of these patients to expert centers is therefore strongly recommended. Outside a clinical trial, patients may be treated with conventional-dose chemotherapy or HD-CT depending on the presence or absence of adverse prognostic factors, availability of resources, and patient as well as physician preferences. The international prospective phase III trial TIGER (NCT02375204) will provide high evidence to finally answer the question of whether or not, and in which patients, HD-CT as first salvage treatment is superior to conventional treatment [36] . Hence, all patients should be included in this trial as soon as it opens for recruitment at German centers. To further improve the prognosis of relapsed or refractory disease, more preclinical and clinical research is urgently needed to overcome resistance mechanisms, enhance the effectiveness of systemic treatment, and lower treatment burden and treatment-associated morbidity and mortality.
